morphological characteristics. Further, we evaluated the growth and production of DHA by the strain in a jar fermentor.
EXPERIMENTAL

1
A thraustochytrid strain mh0186, previously isolated from seawater of the Yaeyama Islands in Okinawa, Japan 11) , was used in this study. The strain was maintained on a slant culture of potato dextrose agar (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) prepared with half-strength (50%) artificial seawater (ASW). The ASW contained 30.0 g NaCl, 0.7 g KCl, 10.8 g MgCl 2 .6H 2 O, 5.4 g MgSO 4 .7H 2 O and 1.0 g CaCl 2 .2H 2 O per liter of distilled water.
The genomic DNA of strain mh0186 was extracted using an Isoplant kit (Nippon Gene Co., Ltd., Toyama, Japan) according to manufacturer's protocol. The oligonucleotide primers used to amplify the 18S rRNA gene were as described by Honda et al. 12) . The PCR protocol consisted of 1 min of denaturation at 94 , followed by 30 cycles comprising 0.5 min at 94 , 0.5 min at 55 and 1.5 min at 72 . The final extension step was performed for 7 min at 72 . PCR products were visualized by agarose gel electrophoresis and purification of the products following excision of a band was done using the Wizard SV gel and PCR clean-up system (Promega Corp., Madison, WI, USA). Nucleotide sequences were determined from both strands using the Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) with previously described primers FA1, FA2, FA3, RA1, RA2, RA 13) , 18S001 and 18S13 12) . The obtained sequences were added to the aligned sequence data set 12, 14) through a profile alignment process using ClustalW 15) and checked manually. Pairwise evolutionary distances were calculated following Kimura's 2-parameter (K2P) model 16) and were used to obtain a neighbor-joining (NJ) phylogenetic tree 17) with MEGA version 3.1 18) . Bootstrap values, indicating the robustness of the internal nodes of the NJ trees, were set at 1000 replications 19) .
2
Cells of strain mh0186 were grown in a 25 mL test tube containing 8 mL of medium consisting of 1% yeast extract, various carbon sources (D-glucose, D-fructose, D-mannose, D-galactose, D-xylose, D-ribose, L-arabinose, lactose, sucrose, maltose, soluble starch and glycerol) and 50% ASW with reciprocal shaking at 28 . Each carbon source was added to the medium at a final concentration of 3%. The optical density at 660 nm of the cell suspension (OD660) was measured to determine the cell growth using a spectrophotometer (V-530, JASCO, Tokyo, Japan) at 72 h after inoculation.
3
Strain mh0186 was cultured in a 500 mL shake flask containing 100 mL of medium with reciprocal shaking (120 rpm) at 28 . To determine the effect of seawater concentrations on the cell growth, we inoculated the cells in the medium containing 3% glucose, 1% yeast extract and a dilution series of ASW (0-200%). The effect of a single omission of inorganic salts comprising ASW (NaCl, KCl, MgCl 2 .6H 2 O, MgSO 4 .7H 2 O and CaCl 2 .2H 2 O) was investigated in the medium containing 3% glucose, 1% yeast extract and 50% ASW lacking each inorganic salt element. The OD660 of the culture was measured at 72 h after inoculation.
4
We studied the effect of agitation rate on growth of strain mh0186 to obtain optimum growth conditions for jar fermentor culturing. The preculture for jar fermentor cultivation was prepared in 500 mL shake flasks containing 100 mL of medium (3% glucose, 1% yeast extract and 50% ASW) with reciprocal shaking (120 rpm) at 28 . The 100 mL preculture in the logarithmic growth phase was transferred into a 10 L jar fermentor (KMJ-10B, Mitsuwa Co. Ltd., Osaka, Japan) containing 6 L of the medium. The medium contained 6% D-glucose, 2% yeast extract, 50% ASW and 0.1% vitamin mixture (200 mg vitamin B 1 , 1 mg vitamin B 2 and 1 mg vitamin B 12 per 100 mL distilled water). Antifoam agent (KM-70, Shin-Etsu Chemical, Tokyo, Japan) was used to suppress foaming. The culture was carried out at 28 with an aeration rate of 1.0 vvm and an agitation rate of 200, 300, 400 and 500 rpm. The OD660 of the culture was monitored during fermentation.
An additional jar fermentor trial was performed based on the above fermentor trial. The preculture and jar fermentor culture was prepared as described above. The fermentation was operated at 28 . The optimum temperature for growth by strain mh0186 has been reported in the range of 15-30 20) . Aeration and agitation rates were kept at 0.5 vvm and 400 rpm, respectively. The OD660 of the culture was monitored and the biomass, expressed as dry cell weight, was determined by lyophilizing the concentrated cells. The glucose concentration in the culture medium was measured using a Glucose CII-Test Wako (Wako Pure Chemical Industries, Osaka, Japan).
Total lipids of the cells were extracted by the Folch method 21) after freeze drying of the cells. Fatty acid compositions of the lipids were determined by gas liquid chromatography after methanolysis with 10% (w/v) HClmethanol solution. The quantities of individual fatty acids were estimated from the peak areas on the chromatogram using C19:0 fatty acid (nonadecanoic acid) as an internal standard. (accession number: DQ023620) 10, 12, 14) . Cell growth represented by OD660 under different carbon sources is shown in . D-Glucose, D-fructose and D-mannose as carbon sources promoted cell growth (OD660 = 2.8-3.1), but cultures containing D-xylose, Dribose, L-arabinose, lactose, maltose and soluble starch showed little growth of the cells (OD660 = 0.5-0.8). A similar assimilation profile of carbon sources has been observed for A. limacinum SR21 8, 22) . Comparative results were reported for S. aggregatum and T. aureum, which could utilize maltose and starch as carbon sources 23, 24) . Carbon source utilization profiles could therefore be useful for the identification and classification of thraustochytrid species.
DHA Production by Thraustochytrids
RESULTS AND DISCUSSION
We investigated the salinity tolerance of strain mh0186 in different concentrations of ASW (0-200%). The culture with 12.5, 25, 50, 100 and 200% ASW exhibited significant growth, while growth was suppressed in 0% seawater treatment (
). This salinity tolerance of strain mh0186 was also consistent with that of A. limacinum SR21, although A. limacinum SR21 grew slightly at zero salinity 8, 9) . The growth response of strain mh0186 with an exception of inorganic salt comprising artificial seawater is shown in . When sodium chloride, potassium chloride, magnesium chloride and calcium chloride were omitted from the medium, the growth was not restricted. However, the omission of magnesium sulfate from the medium resulted in reduced growth. Hence, the sulfate ion in the medium is
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J. Oleo Sci. 58, (12) probably essential for the growth of this strain. The effect of agitation rate on cell growth of strain mh0186 is shown in . During the initial 54 h, the cell growth was higher at the agitation rates of 400 and 500 rpm, compared with growth at the agitation rates of 200 and 300 rpm. Higher agitation rates have also been reported to stimulate thraustochytrid growth 7) , suggesting that higher agitation could improve the oxygen and substrate supply for thraustochytrid growth under jar fermentor culture.
shows the changes in glucose and cell concentrations of strain mh0186 culture with cultivation time. In 26 h, the culture reached a stationary phase with a biomass of 23.1 g/L and the glucose was consumed almost completely. The fatty acid composition of strain mh0186 at 26 h is shown in . The major fatty acids were palmitic acid (C 16:0 ) and DHA (C 22:6n-3 ), which accounted for 46.1% and 39.6% of the total fatty acids, respectively. This result is in good agreement with those reported for A. limacinum SR21 8, 9) but different from those reported for Thraustochytrium species (T. aureum, T. roseum and T. striatum) that contained more C 18 fatty acids 25) . The total fatty acid content of the cell was 466.5 mg/g dry cells, and thus DHA yield was estimated as 4.3 g/L at 26 h in this study. This biomass and DHA yield were much higher than those reported for the genus Thraustochytrium (T. aureum, T. roseum and T. striatum) grown in flask culture under optimal conditions for 5-12 d [24] [25] [26] , in which the biomass was around 10 g/L and 17.1 g/L and DHA yield was <1.1 g/L and 2.0 g/L in batch culture and fedbatch culture, respectively. Comparative results have been observed in the cultivation of the genus Aurantiochytrium using a fermentor under the same concentration of glucose as in the present study. A culture of A. limacinum SR21 could yield 21.0 g/L biomass and 4.7 g/L DHA at 56 h 6) . Similarly, Yaguchi et al. 7) reported that A. limacinum SR21 could produce 21.9 g/L biomass and 5.1 g/L DHA at 65 h.
Compared to these daily DHA productivities (<2.0 g/L/d), the daily productivity of this study (4.0 g/L/d) was two-fold higher, suggesting that the higher DHA production rate of our strain mh0186 should be appropriate for industrial production of DHA.
A high DHA yield (13.3 g/L) by A. limacinum SR21 has been produced when the medium glucose concentration was increased to 150 g/L for 125 h 7) . Considering that no glucose remained in the culture when the biomass reached maximum ( ), it is likely that the biomass and DHA yield can be improved if the culture medium composition (e.g. glucose concentration and nitrogen sources) was further optimized. 
